Titanium surfaces processed by wire-type electric discharge machining (EDM) are microfabricated surfaces with an irregular morphology, and they exhibited excellent in vitro bone biocompatibility. In this study, the efficiency of in vivo osteogenesis on EDM surfaces was investigated by surgically placing screw-shaped EDM-processed and machined-surface implants into the femurs of four Japanese white rabbits. The volume and process of new bone formation were evaluated by an X-ray micro-CT scanner, coupled with histopathological observations at 1, 2, and 4 weeks post-implantation. Before surgical implantation, the surface topography and contact angle of each implant surface were examined. Bone formation increased over time on both implant surfaces, with both implant types yielding statistically equivalent bone volume at 4 weeks post-implementation. However, at 1 week post-implantation, amount of new bone at EDM-processed implant was markedly greater than that at machined-surface implant. Moreover, new bone appeared to initiate directly from the EDM surfaces, while new bone appeared to generate from pre-existing host bone to the machined surfaces. Thus, EDM seemed to be a promising method for surface modification of titanium implants to support enhanced osteogenesis.
INTRODUCTION
Two implant surface characteristics are vital to ensuring a long-lasting, direct bone-to-implant anchorage in man: a high degree of osseointegration and a shortened healing time. On the first requirement, titanium has emerged as a primary biomaterial to fabricate orthopedic and dental devices because it enables osseointegration, i.e., direct contact between living bone and implant 1) . It is also important that implant devices induce controlled, guided, and rapid healing 2) . Hence, the typical ideal healing time of 3-6 months after implant surgery has emerged as a grave concern 3) . To reduce healing time after implant surgery, attention has turned to implant surface modification techniques aimed at enhancing rapid bone formation 2, 4) . Conventional loading protocols of dental implants are now challenged with new protocols such as early loading protocols (2 to 6 weeks of healing prior to loading), which demand rapid osseointegration. As opposed to distance osteogenesis where new bone grows from the pre-existing host bone to the implant surface, current surface modification techniques aim at inducing contact osteogenesis, whereby bone formation is initiated at the implant surface and directed toward the host bone [5] [6] [7] . Contact osteogenesis thus allows for an early and stable anchorage of the implant within the bone. It has been reported that surface microroughness could induce contact osteogenesis 5) , and that rough acid-etched surfaces -compared with machined surfaces-could accelerate bone healing around implants 6) . Surface treatments of dental implants alter their surface topography. Surface topography relates to the degree of roughness of a surface and the orientation of surface irregularities. Studies have shown that increased surface roughness of modified titanium surfaces promoted a faster bone apposition during the early stage of bone regeneration 8, 9) . Wire-type electric discharge machining (EDM) has been applied to the manufacture of endosseous titanium implants.
This computerassociated technique creates complex shapes and geometries and generates microroughness consisting of fine irregularities on the processed surfaces 10) . Our previous in vitro study showed that EDM-processed titanium surfaces enhanced adherent cell proliferation and differentiation 10) . Therefore, it was anticipated that EDM could also achieve in vivo early fixation between bone and titanium implants.
Typically, new bone formation around implants is evaluated two-dimensionally (2D) via a histopathological examination of sectioned samples. This method requires destructive specimen preparation, which means that longitudinal analysis and multiple sampling cannot be carried out over a prolonged period of time. Besides, dehydration in graded alcohols for histopathological examinations results in demineralized bone samples.
To understand the mineralization process of newly forming bone on the surfaces of titanium implants, an accurate, non-destructive, three-dimensional (3D) method to measure tissue-level mineral density profiles is needed alongside the histopathological examination. Micro-computed tomography (micro-CT) provides volumetric X-ray attenuation measurements for completely non-destructive evaluations of calcified tissues, revealing the spatial distribution of attenuation coefficients within the newly formed bone structure around an implant 11, 12) . In this study, we examined in vivo the potential of EDM surfaces to support enhanced osteogenesis. In vivo osteogenesis around EDM-processed and machined-surface implants was evaluated over time using a desktop micro-CT scanner, and these findings were then compared with those obtained at histopathological examinations.
MATERIALS AND METHODS

Titanium implant specimens
Screw-type titanium implants (Φ3.3 mm, 10 mm height; IAT EXA, Ishifuku, Tokyo, Japan; Batch No. FTC2411) were used as EDM specimens. Screw-type titanium implants (Φ3.0 mm, 10 mm height; Nobelpharma, Sweden; Batch No. 505819) with a machined surface were used as controls.
EDM processing was carried out under these conditions: 6.5 µs  off (pulse off time) and 0.65 µs  on (pulse on time) at 18 amps IP (peak current) and 90 V (non-load voltage) (LS 350X, Japax, Kobe, Japan). EDM specimens were packed, stored, and kept sterilized prior to use.
SEM and contact angle analyses
Machine-polished titanium plates of 10×10×1 mm (JIS grade 2 titanium, KS-50, Kobe Steel, Kobe, Japan) were prepared using the wire EDM method. Surface morphology of these titanium plates was examined using SEM (S-2360N, Hitachi, Tokyo, Japan) at 500× and 1,500× magnifications. After storing in a desiccator for 24 h, 10-µL droplet of pure distilled water was pipetted on titanium surface and the contact angle was measured using a contact angle meter (SImage 02V, Excimer, Kanagawa, Japan) 13) .
Implantation surgery
Four male Japanese white rabbits (each of 2.5 kg body weight) were maintained for 1 week and used for this study at the age of 14 weeks. The animal experimentation protocol adopted in this study was approved by the Animal Care and Use Committee of the School of Dentistry, Showa University (No. 10054). All surgical procedures were performed under general anesthesia. General anesthesia was induced by injection of pentobarbital sodium (Nembutal, Dainippon Pharmaceutical Co., Ltd., Osaka, Japan) into the auricular vein at a rate of 25 mg/kg. The surgical site was shaved, sterilized (iodine), and incised with a scalpel (No. 14). A cylinder-shaped bur (Φ3 mm; IAT FIT II, Ishifuku, Tokyo, Japan) was used with a micromotor to create implant cavities at a rotation speed of 160-180 rpm. Implant cavities of 3 mm diameter and 10 mm depth were each formed perpendicular to the long axis of the left and right femoral cortical bones, and sterile physiological saline solution was infused into the prepared cavities. An EDM implant and a machined implant were each placed into the cavities in right and left femurs respectively. At 0, 1, 2, and 4 weeks after implantation, the rabbits were sacrificed under general anesthesia and the femurs were resected 14) .
Bone volume measurement by micro-CT
The volume and process of new bone formation were evaluated using 3D images reconstructed from X-ray micro-CT scans. Bone specimens were mounted on a rotary stage and scanned in their entirety by being rotated through 360° in 1,800 equiangular steps. Non-helical cone beam scanning was carried out using a micro-CT scanner (SMX-90CT, Shimadzu, Kyoto, Japan) at 90 kV tube voltage and 110 µA tube electric current. After obtaining 276 slice images by micro-CT, volume of newly formed bone around each implant was measured using an image analysis software, TRI/3D-BON-BMD (Ratoc System Engineering Co. Ltd., Tokyo, Japan) 15, 16) . High-density objects exhibiting CT values greater than 42,500 were visualized and quantified as newly formed bone.
Newly formed bone was expressed as a ratio (%) of new bone area/5×5×5 mm region (at five random points, n=5).
New bone formation results were analyzed statistically using one-way analysis of variance (ANOVA).
Histopathological examination
Resected bone specimens were fixed by immersion in a 10% neutral-buffered formalin solution for 1 day, dehydrated in a graded series of methanol, and then decalcified in Kalkitox™ (Wako Pure Chemical Industries, Ltd., Osaka, Japan) for 1 week and saturated 5% sulfuric sodium for 3 days. Each tissue slice was stained with hematoxylin-eosin, and the implant-bone interface was observed under a high-power light microscope.
RESULTS
SEM analysis
The EDM surface presented a rough and irregular morphology (approximately 100-µm diameter, 15-25 µm depth), while the machined surface had linear traces on its smooth morphology (Fig. 1) .
Contact angle analysis
Contact angle of water on EDM surface was 0°, while that on the machined surface was approximately 40° (Fig. 2) .
Micro-CT observation
Volume of newly formed bone around both EDM and machined surfaces was found to increase over time (Fig.  3) .
At 1 week post-implantation, the volumes of newly formed bone around EDM and machined surfaces were 38.7% and 6.9% respectively (Fig. 4) , with a significantly greater bone volume around the EDM surface (p<0.01).
At 2 weeks post-implantation, the same trend was exhibited: newly formed bone volumes were 40% and 29.3% around EDM and machined surfaces respectively (Fig. 4) . However, the difference was not statistically different (p>0.01).
At 4 weeks post-implantation, bone volumes were statistically equivalent on both implant surfaces. EDM surface presented 55.8% bone volume, while the machined surface presented 47.0% (p>0.01). It was also found that the volume of newly formed bone originating from the EDM-surface implant was greater than that originating from the pre-existing host bone (Fig. 4) .
Histopathological observation
At 1 and 2 weeks post-implantation, new bone tissue was observed on the EDM surface (Figs. 5a, c) . This newly formed bone was composed of immature bone matrix with poor lamination and accompanied by abundant osteocytes and a lining of osteoblasts. On the machined surface, a few adherent osteoblasts were observed at 1 week post-implantation (Fig. 5b) . Irregular bone trabeculae with few osteoblasts were found originating from the pre-existing alveolar bone.
DISCUSSION
In this study, new bone formation increased over time on the surfaces of both types of titanium implants. At 4 weeks post-implantation, micro-CT measurements showed that volumes of newly formed bone were statistically equivalent on both types of implant surfaces. However, at 1 week post-implantation, amount of newly formed bone was greater around the EDM surface than at the machined surface.
Discrepancies surfaced in micro-CT and histopathological evaluations of newly formed bone on both implant surfaces. On the one hand, micro-CT evaluation indicated that new bone volume increased on the machined surface.
On the other hand, histopathological evaluations indicated that mature bone tissue was not observed on the machined surface as opposed to the abundance of osteocytes (mature bone cells) observed on the EDM surface. It was highly probable that new bone initiated from the EDM surface, but new bone formation generated from the pre-existing host bone to the machined surface. We therefore inferred that the EDM surface enabled early stage osteogenesis in the present in vivo study.
In micro-CT analysis, measurements close to the implant surface were greatly influenced by the proximity of artifacts. Therefore, quantification of mineral volume by micro-CT evaluation alone could not sufficiently differentiate between the two directions of bone formation (i.e., contact osteogenesis versus distance osteogenesis) in an in vivo experiment. The combinative use of micro-CT evaluation with histopathological examination in the present study was thus a holistic and reliable means to determine the mechanism of in vivo osteogenesis on the implant surfaces. Surface topography and surface chemistry are two key factors that reportedly influence the osteoconductivity of titanium implants 8, 17, 18) . It has been shown that rough and irregular titanium surfaces promoted osteoblast differentiation, enabled faster bone formation, and increased tissue-titanium mechanical interlocking 8, 18) . Microfabrication techniques have enabled the production of precisely controlled surface topographies on implant devices 17) , and thus the roughening of titanium implant surfaces can now be achieved at a micrometer level. The EDM implant in this study had a micro-textured surface 10) -that is, a rough and irregular surface on the micrometer scale. Results showed that at 1 week postimplantation, the EDM surface enabled faster bone Fig. 4 Volumes of newly formed bone, each expressed as mean±standard deviation, for both types of implants.
Results were analyzed statistically using one-way analysis of variance (ANOVA), where * indicates significant difference between EDM and machined surfaces (p<0.01). 
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formation by yielding a statistically larger volume of newly formed bone than the machined surface. On surface chemistry, it has been reported that the thickness and crystallinity of surface oxide layer and the level of surface oxygen content are influenced by the surface treatment method of titanium surfaces 19) . Increased thickness of titanium oxide layer increases the surface energy, which in turn increases surface hydrophilicity 19) . Increased surface hydrophilicity increases the adsorption of cell adhesion-promoting proteins on the titanium surface. Increased adsorption of extracellular matrix proteins then promotes enhanced osteogenic cell responses, such as adhesion and differentiation of osteoblastic cells 20, 21) . In the present study, the micro-textured EDM surface exhibited superhydrophilicity with an almost 0° water contact angle. Our previous study 10) has shown that the synergistic response of superficial chemistry and micro topography of EDM surface enhanced in vitro osteoblast proliferation and gene expression. Taken with the results of the present study, the EDM surface showed great potential to facilitate contact osteogenesis and establish early fixation between bone and titanium implants.
CONCLUSION
Titanium surfaces processed by wire EDM enhanced in vivo osteogenesis. Therefore, EDM is a promising surface modification method to accelerate osteogenesis on titanium implants. 
